The widely used steady-state energy release rate G ¼ F/w is extended to account for the elastic energy of deformed compliant stamps, e.g., low-modulus poly(dimethyl siloxane) (PDMS). An analytical expression for the energy release rate is obtained to quantify interfacial adhesion strength in tape peeling tests, and to analyze the dynamics of kinetically controlled transfer printing. The critical delamination velocity to separate retrieval and printing is related to the critical energy release rate and the tensile stiffness of the stamp. Experimental results validate the analytical expression established by the mechanics model.
A Finite-Deformation Mechanics Theory for Kinetically Controlled Transfer Printing
The widely used steady-state energy release rate G ¼ F/w is extended to account for the elastic energy of deformed compliant stamps, e.g., low-modulus poly(dimethyl siloxane) (PDMS). An analytical expression for the energy release rate is obtained to quantify interfacial adhesion strength in tape peeling tests, and to analyze the dynamics of kinetically controlled transfer printing. The critical delamination velocity to separate retrieval and printing is related to the critical energy release rate and the tensile stiffness of the stamp. Experimental results validate the analytical expression established by the mechanics model. Transfer printing has become an important method to integrate large-scale discrete micro/nanoscale semiconductor components on a broad range of substrates into functional arrays [1] [2] [3] [4] [5] [6] [7] [8] [9] . In this process, solid objects (i.e., 'inks') that are loosely bound to a donor substrate are retrieved with an elastomeric stamp and subsequently printed on a target substrate. Because the fabrication of these inks often involves high temperatures and harsh chemical processing environments, transfer printing after the fabrication allows for the capability to take advantage of the expanded substrate materials, including flexible plastic substrates with limited thermal and chemical stabilities. It also expands the "printable materials," providing a facile means to integrate complex heterogeneous devices. Kinetically controlled transfer printing is a simple, robust form of patterning that exploits the rate-dependent adhesion strength of elastomers to facilitate retrieval and printing [10, 11] . As illustrated in Fig. 1 , a poly(dimethyl siloxane) (PDMS) stamp was placed in conformal contact with a solid ink (thin metallic films, arrays of microdevices, micro/nanoparticles, and others) tethered to a donor substrate, via nonspecific van der Waals interactions [12] [13] [14] . Due to the viscoelastic nature of PDMS, the adhesion between the ink and the stamp is sensitive to the velocity v d at which the stamp delaminates from the donor substrate: a strong stamp/ink adhesion peeled the ink away from the donor substrate at a sufficiently high peeling velocity ( Fig. 1(a) ). The stamp was brought into contact with a target substrate and then completed printing at a small peeling velocity, producing a weak stamp/ink adhesion that allows the ink to adhere preferentially to the target substrate ( Fig. 1(b) ).
The critical peeling velocity separates retrieval and printing, and we have recently shown that it can be obtained analytically [15] for the experimental setup schematically shown in Fig. 1 , where the ink is represented by a solid thin film. For both retrieval and printing, the steady-state energy release rate G is given by G ¼ F/w [16] [17] [18] , where F is the peeling force normal to the film/ substrate interface and w is the width of the stamp in the out-ofplane direction. Retrieval occurs when the rate dependent These two assumptions leads to Eh ) G/2 [17, 18] and it holds for stiff PDMS stamps ($1.7 MPa), but not for compliant stamps (<1 MPa). This paper is to establish a new analytical expression for the steady-state energy release rate that no longer requires Eh ) G/2, and the new expression will provide the capability to quantify the relevant variables associated with kinetically controlled transfer printing. The experimental verification of this analytical expression is also given in this paper.
Peeling force F was applied on the peeling arm, which was modeled as a beam subject to large rotation (a constant angle of 90 deg was kept throughout the entire peeling motion), as shown schematically in Fig. 2 . Taking local coordinate (x, y) along the peeling arm, local equilibrium condition requires
where T ¼ F sin h and N ¼ F cos h are axial and shear forces, M ¼ EIj is the bending moment of elastic beam, j ¼ dh=ds is the curvature of the beam, and s is the arc length along the beam. Equation (1c) leads to EIjdj=dh þ F cos h ¼ 0, and considering the boundary condition j ¼ 0 at h ¼ p/2, its integration gives
where EI is the bending stiffness and I ¼ wh 3 /12 is the moment of inertia. For s ¼ 0 at h ¼ 0, the integration of Eq. (2) gives
from which sin h is solved as sin
At the point where the peeling force was applied h ¼ p/2, Eq. (3) implies s ! 1 and B ! 1 which in turn leads to
sin hds is related to the crack length
because ej s¼smax ¼ T=EAj s¼smax ¼ F=EA. Similarly, the relationship between the peeling velocity v p and delamination velocity v d is given by
For a steady-state delamination at the film/substrate interface over the time increment of dt, the external work Fv p dt equals to the sum of the dissipation energy at the film/substrate interface Gwv d dt and the change of the elastic energy in the peeling arm
Substitution of Eq. (6) gives the energy release rate G as 
A composite beam can be accounted when EA is replaced by EA (the effective stiffness of the composite beam) in the above equation. Equation (7) shows the dependence of the energy release rate on the stiffness of the peeling arm, and the axial stretching becomes important for a compliant stamp. To verify Eq. (7), tape peeling tests were performed for PDMS (Sylgard 184, Dow Corning) stamps with different stiffness on gold films (100 nm thick) supported on glass. Glass substrates were cleaned in Pirahna solution (1:1 H 2 SO 4 /H 2 O 2 30%) for 5 min, rinsed thoroughly with de-ionized (Milli-Q) water, and dried under a stream of nitrogen. The slides were then exposed to hexamethyldisilazane (HMDS) vapor for 5 min before depositing 100 nm of Au by electron beam evaporation (Temescal BJD1800
), the surfaces of the resulting stamps were sticky due to the presence of a large amount of unpolymerized PDMS oligomers in the bulk material [19] . A 25 lm thick capping layer of 10:1 PDMS was incorporated on one surface of each low modulus stamp in order to produce a consistent interface for the peeling tests. These composite stamps were fabricated by spin coating a thin film of 10:1 PDMS onto a tridecafluoro-1,1,2,2-tetrahydrooctyl treated silicon wafer, and followed by casting the prepolymer mixture (either 25:1 or 50:1 mix ratio) on top of the previous partially cured film. Molding the PDMS between two flat polycarbonate plates held at different distances set the desired stamp thickness. After curing at 70 C for at least 3 h, the stamps were cut from the sheet and cleaned with scotch tape. The tensile stiffness of the composite PDMS stamps is given as EA ¼ E stamp h stamp þ E capping h capping À Á w. During the peeling test, clean PDMS stamps were brought into conformal contact with the gold coated glass (10:1 capping layer down) for two minutes. Flipping the sample (stamp side down) and attaching controlled loads F to one end of the stamp initiated peeling. The peeling motion was captured by a high resolution video camera, from which the delamination velocity can be calculated from the position and corresponding time interval of the delamination front. Based on experimental measurements, Fig. 3 compares the energy release rates calculated from Eq. (7) and the simple expression G ¼ F/w, as a function of the delamination velocity v d for a 1 mm thick PDMS stamp. As shown in Fig. 3 , the energy release rates calculated from Eq. (7) and G ¼ F/w are almost the same for stiff stamps of 1.7 MPa and 0.3 MPa. However, the finite deformation effect results in the difference of the energy release rates between the two equations for a compliant stamp (0.03 MPa), and this difference becomes significant at higher delamination velocities. The dependence of the energy release rates on velocities can be expressed via a power-law
, where v 0 ¼ 1.94, 0.264 and 0.190 cm/ s, and n ¼ 0.660, 0.740, and 1.08 for PDMS with Young's modulus of 1.7, 0.3 and 0.03 MPa, respectively [15] .
For an equivalent stiffness of the composite stamp and gold film, represented by EA þ E film h film w, the retrieval energy release rate G film=substrate was obtained from Eq. (7) as
Assuming a Griffith fracture criterion, the crack will propagate when
. To satisfy the criterion, the critical retrieval peeling force was then determined.
Similarly, the printing critical peeling force is
where G stamp=film crit depends on the delamination velocity v d . Retrieval requires F retrieval < F printing , whereas the opposite holds for printing. Figure 4 shows the critical peeling forces (normalized by the stamp width w) for retrieval and printing, versus the delamination velocity v 
which reduces to G stamp=film crit
for small G film=substrate crit [15] . Equation (10) shows that the critical delamination velocity depends on the tensile stiffness of the composite stamp EA and the tensile stiffness of the film E film h film w. For a much larger tensile stiffness of PDMS stamps compared with that of the gold films, Eq. (10) simplifies to
which degenerates to G stamp=film crit
as well because finite deformation effect becomes negligible for a large tensile stiffness of stamps [15] .
The top panel in Fig. 5 shows the critical peeling force per unit width F/w as a function of the tensile stiffness of the stamp per unit width EA=w (the tensile stiffness of the gold film was kept unchanged). The solid line was obtained from the model, and it is constant because G film=substrate crit is constant regardless of stamp stiffness ($12 J/m 2 ) [15] . The black squares were experimental measurements for an array of stamps with different stiffness and they agree reasonably well with the prediction as shown in Fig. 5 .
The bottom panel in Fig. 5 shows the predicted critical velocity for stamps of 1.7, 0.3, and 0.03 MPa as a function of EA=w (varying h stamp while keeping E stamp unchanged). For a thickness of gold films that differs even by two orders of magnitude (h film ¼ 100 mm or 10 lm, in this case), the calculated critical velocities are identical, indicating that v crit is independent of the thickness and Young's modulus of the film, as given by Eq. (11) . The difference among the critical velocity curves, presented in Fig. 5 , results from the difference of stamp moduli as described in Eq. (11) . Equation (11) also indicates that thinner stamps (i.e., smaller EA) contributes more to the finite deformation than thicker stamps of the same modulus. Figure 5 further shows there is a threshold of the stiffness below which the critical velocity changes dramatically ($100 N/m predicted by the model). Experiments also suggested that stamps with stiffness below 100 N/m were extremely difficult to fabricate due to the fragile nature of the thin low modulus material. For these reasons, we did not report data in the regime below 100 N/m. This limitation, however, does not affect the utility of this theory for practical applications, because small critical velocity is desirable for transfer printing.
In summary, this paper develops simple analytical expressions for critical peeling forces from which the critical velocity can be determined. Removed the previous assumption Eh ) G/2, the new model is applicable to both stiff and compliant stamps used in kinetically controlled transfer printing. The expression indicates that the critical velocity depends on the stiffness of the stamps. Given a stamp geometry, the critical velocity decreases as stamp modulus decreases, indicating that film retrieval occurs at lower peeling velocities for softer stamps, a trend that is potentially useful to transfer print inks that are impossible to retrieve with a traditional stiff PDMS stamp (E ¼ 1.7 MPa). In such cases, it will be beneficial to exploit the low critical peeling velocity of compliant stamps in retrieval for adhesiveless transfer printing. Without the requirement for commercial transfer printer, easy retrieval can be operated by hand. Most importantly, the capability to retrieve inks from strongly bounded donor substrate relaxes the anchoring schemes [20] , enabling retrieval of inks that cannot be fully undercut or released (i.e., nanoparticles, quantum dots, etc.). As a result, this mode of retrieval can potentially eliminate the need for postpatterning cleaning steps, which are typically necessary to remove residual anchors on the ink or residual material at fracture sites resulted from poor release schemes. By eliminating this cleaning step, multilayer heterogeneous integration becomes simpler, as materials that are not robust to such cleaning processes can now be integrated into the device in any sequence without special considerations to avoid damage of previously printed layers. In addition to enhanced retrieval, inked compliant stamps can also be integrated for advanced applications that require extremely stretchable substrates. Thus far, significant deformations in stretchable electronics require the use of thin substrates [21, 22] , which can be replaced by the compliant bilayer PDMS stamps discussed in this work. Such compliant stamps are potentially useful as biocompatible substrates in flexible skin-like electronics, implantable devices, and structure health monitoring systems [23, 24] . 
